Tendinopathy is a common painful musculoskeletal disorder treated by injection of analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs), which are believed to have cytotoxicity toward tenocytes. Ascorbic acid is an antioxidant that promotes collagen biosynthesis and prevents free radical formation. It is believed to protect tenocytes from oxidative stress. The optimal concentration of ascorbic acid, especially when used in conjunction with anesthetics and NSAIDs injection, to treat different stages of tendinopathies is unknown. Human tenocytes were isolated from a torn edge of the supraspinatus tendon of a 51-year-old male patient during arthroscopic repair. We monitored real-time changes in human tenocyte proliferation upon exposure to different concentrations of ascorbic acid, bupivacaine, and ketorolac tromethamine using the xCELLigence system. No significant changes in cell index were observed between the control group and tenocytes treated with the 3 concentrations of ascorbic acid. Tenocytes exposed to 0.5% bupivacaine and 30 or 15 mg/mL ketorolac tromethamine revealed significant reduction in tenocytes proliferation. Bupivacaine 0.5% with 250 mg/mL ascorbic acid and 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid showed the least cytotoxicity against tenocytes. The optimal ascorbic acid concentration required to reduce the cytotoxic effects of bupivacaine and ketorolac tromethamine was demonstrated using this platform.
Introduction
Tendons are highly specialized fibrous connective tissues connecting muscle to bone, transmitting tensile loads, and facilitating joint movement. 1 They can be easily injured by sudden high strain in sports or repetitive loading in leisure activities. 2 Once injured, they do not heal easily because of their limited blood supply, slow cell turnover, and low cellularity. 3 Tenocytes, which are specialized mesenchymal-derived cells embedded in a 3-dimensional network of extracellular matrix (ECM), occupy only 5% of normal tendon tissue. 4 Symptoms from injured tendon, defined as tendinopathy, are characterized by pain during activity, localized tenderness upon palpation, swelling of the tendon involved, and impaired performance. 5 Immunohistochemical studies confirmed inflammatory cells such as mast cells, T cells, and macrophages are present in early human tendinopathies. 6, 7 Therefore, most treatment methods against early tendinopathy focus on anti-inflammation and analgesia. They are often empirically initiated with nonsteroidal anti-inflammatory drugs (NSAIDs) and/or anesthetic injections. 8 However, when tenocytes are exposed to a certain amount NSAIDs, the differentiation of mesenchymal stem cells to tenocytic lineage gets impaired and drawn toward adipocytic lineage. 9 Histologically, this leads to a marked reduction in the number of healthy tenocytes and the accumulation of "nontendon cells," including myofibroblasts, adipocytes, chondrocytes, and osteoblasts. 10 On the other hand, Scherb et al reported decreased human tenocyte proliferation and ECM production after treatment with anesthetics. 11 Hence, there is a fine line between effective reduction in pain symptoms and maintenance of normal tendon homeostasis in a specific treatment. The biological and pharmacological interactions of these treatment methods are largely uncertain. 12 There are currently no available data regarding maximal efficacy dosages of local anesthetics and NSAIDs in peritendinous injections. 13 Ascorbic acid is a well-characterized antioxidant that can promote collagen biosynthesis and prevent free radical formation.
14 Different concentrations of ascorbic acid are used in tenocyte cultures to enhance collagen synthesis. 9, 15 Immunofluorescence staining revealed differential localization of type I collagen in vitro, with collagen localized outside cells in the presence of ascorbic acid. 16 Poulsen et al reported in 2011 that ascorbic acid can protect hamstringderived tenocytes from oxidative stress. 17 They suggested the use of ascorbic acid with dexamethasone injections to decrease its cytotoxicity. However, because of the acidity of ascorbic acid, 16 it may be toxic and negatively affect cell morphology at certain concentrations. Therefore, it is important to determine the optimal concentration of ascorbic acid that can be used in conjunction with anesthetics and NSAIDs injection to treat different stages of tendinopathies.
Several in vitro studies have been conducted to achieve this goal. Carofino et al 18 used radioactive thymidine assay, whereas Kraus et al 19 used MTS assay (a cell proliferation colorimetric assay) to measure tenocyte proliferation. These bioassays are mostly end-point measurements and destructive analytical methods, wherein the cultured cells needed to be sacrificed. They were unable to monitor cell proliferation in real time and could provide little information on the kinetics of cellular responses when they were exposed to different kinds of stimuli. 20 Recent advances in microfluidic technologies have made it possible to produce in vitro assays providing a range of stimulation capabilities as well as enabling extensive quantitative assessment of their effects on cells in a real-time manner. 21 xCELLigence technology is a real-time cellular biosensor that measures the net adhesion of cells to high-density gold electrode arrays printed on custom-designed E-plates. 22 Chiu et al demonstrated that human tenocytes can proliferate inside xCELLigence system, thus replacing the conventional cell culture system and end-point assays. 23 Although ascorbic acid has been proposed as a tendon culture supplement to reduce the cytotoxicity of anesthetics and NSAIDs, no optimal dose or formulation has been indicated until now. We monitored the real-time changes in human tenocyte proliferation upon exposure to different concentrations of ascorbic acids, anesthetics, and NSAIDs, such as bupivacaine and ketorolac tromethamine, using the xCELLigence system. We determined the optimal ascorbic acid concentration required to reduce the cytotoxic effects of bupivacaine and ketorolac tromethamine. Our in vitro results can be useful for the clinical application of these drugs.
Materials and Methods
Level of evidence: This is a level III, controlled laboratory study.
Isolation of Human Tenocytes
Human tenocytes were isolated from a torn edge of the supraspinatus tendon of a 51-year-old male patient with Boileau stage 1 24 small tear during arthroscopic repair ( Figure 1A and B), which was approved by the institutional review board at the hospital of the first author. The fatty infiltration of the supraspinatus muscle was grade 1 ( Figure 1C and D) . 25 Tendon samples were digested in an enzymatic solution containing 4 mg/mL dispase (Roche, Burgess Hill, United Kingdom) and 300 U/mL collagenase type II (Gibco, Invitrogen, Paisley, United Kingdom) at 37.8 C for 16 hours. After digestion, the mixture was filtered and centrifuged at 1000 rpm (400 Â g) for 5 minutes at 37 C. The cell pellet was then resuspended and maintained in culture media (minimum essential medium; a-MEM) supplemented with 10% fetal bovine serum and 1% antibiotics in standard tissue culture flasks. After the first passage, the adherent monolayer was trypsinized, and cells were seeded at 2 Â 10 4 cells/cm 2 in conventional 6-well plates and maintained in serum-free a-MEM overnight at 37.8 C prior to loading into the microfluidic system or conventional 24-well plates. Normal tenocyte morphological characteristics were confirmed by microscopy.
xCELLigence System
The xCELLigence system (Roche/ACEA Biosciences, San Diego, California) is a commercial microfluidic system designed to allow for continuous real-time monitoring of cellular adhesion properties in vitro in a noninvasive, label-free manner. The study was performed according to the manufacturer's instructions.
Seeding Tenocytes Into xCELLigence E-96 Plates
First, 50 mL of complete media was added to culture wells of E-96 xCELLigence plates. After equilibration to 37 C, plates were inserted into the xCELLigence station to measure the baseline impedance. This ensured that all wells and connections were working within acceptable limits. Tenocytes were then seeded into the wells at 2 Â 10 4 cells/cm 2 , as it has been previously reported as the optimal cell seeding density. 23 
Ascorbic Acid, Anesthetics, and NSAIDs Preparation
Three different concentrations of ascorbic acid, bupivacaine, and ketorolac tromethamine were added alone or together with tenocytes at 24 hours after seeding. For ascorbic acid (Vitacicol Inj 100mg, Taiwan Biotec Co. Ltd.) treatment, concentrations of 10, 50, and 250 mg/mL were applied in a volume of 10 mL. Recognizing that surrounding body fluids quickly dilute substances after an injection, dilutions were used to replicate conditions experienced by tenocytes in vivo. 26 For bupivacaine (Myungmoon Pharmaceutical) treatment, concentrations of 0.5%, 0.25%, and 0.05% (100%, 50%, and 10% of clinical dosage) were applied in a volume of 10 mL. For ketorolac tromethamine (Yung Shin Pharmaceutical) treatment, solutions of 30, 15, and 3 mg/mL were added to wells in a volume of 10 mL. Control cultures were exposed to the saline solution under the same conditions without anesthetics, NSAIDs, or ascorbic acids.
Interactions of Ascorbic Acid Against Analgesics and NSAIDs
The interactions between the different concentration of ascorbic acid, bupivacaine, and ketorolac tromethamine were tested. To test the cytotoxicity of ascorbic acid and bupivacaine against tenocytes, 10 mL of 10, 50, or 250 mg/mL ascorbic acid was applied in the culture well with 10 mL bupivacaine at concentrations of 0.5%, 0.25%, and 0.05%. The same ascorbic acid preparation was used with 10 mL of 30, 15, or 3 mg/mL ketorolac tromethamine. All conditions are illustrated in Figure 2 . The whole procedure lasted for 148 hours.
Tenocytes Proliferation and xCELLigence Software Data Plotting
We used xCELLigence software version 1.2.1 in this experiment to provide an electronic record of the experimental details. The cell index represents the measure of cellular adhesion across each individual well. In the absence of living cells (media only) or with a suspension of dead cells, the cell index values will be close to 0. Upon attachment of tenocytes onto the electrode, the measured signal will correlate linearly with cell number throughout the experiment with sufficient accuracy as shown in many publications.
22,27-31 Figure 2 . Flowchart of the study.
Statistical Analysis
Each experiment was performed in at least triplicate. To compare cell indexes among different culture conditions, analysis of variance followed by Bonferroni post hoc test was used. A P value of <.05 was considered significant. All statistical analyses were performed with SPSS 21.0 for Windows (SPSS Inc).
Results

Real-Time Analysis of Tenocyte Proliferation in xCELLigence System Under Different Stimuli
In order to study the effect of various stimuli on tenocyte proliferation, we monitored dynamic changes in cell index using the xCELLigence system upon exposure to ascorbic acid, bupivacaine, and ketorolac tromethamine.
Control Group
Cell index of the control group at 24 hours before stimuli exposure was 1 + 0.01. After 148 hours of tenocyte proliferation, the cell index progressed to 2.62 + 0.29 at the final time point (148 hours).
Ascorbic Acid
Real-time changes in cell index were observed when tenocytes were exposed to 10, 50, and 250 mg/mL ascorbic acid ( Figure 3A) . Cell index at 24 hours was 0.91 + 0.1, 1.02 + 0.2, and 1.02 + 0.1, respectively, and 2.82 + 0.22, 3.01 + 0.18, and 3.11 + 0.26, respectively, at 148 hours. There were no significant changes in cell index between the control group and tenocytes treated with ascorbic acid (Table 1) .
Bupivacaine
Real-time cell index at 24 hours was 0.45 + 0.04, 0.78 + 0.11, and 0.96 + 0.13 when tenocytes were exposed to 0.5%, 0.25%, and 0.05% (100%, 50%, and 10% of clinical dosage) bupivacaine, respectively. At 148 hours, they were 0.45 + 0.04, 0.78 + 0.11, and 0.96 + 0.13, respectively ( Figure 3B ). Among them, tenocytes exposed to 0.5% bupivacaine (100% clinical dosage) revealed a significant reduction in cell index (P ¼ 0), which indicated the cytotoxicity of commonly used bupivacaine against tenocytes.
Ketorolac Tromethamine
Real-time cell index at 24 hours was 0.98 + 0.02, 0.83 + 0.02, and 0.99 + 0.1 once tenocytes were exposed to 30, 15, and Figure 3 . Real-time changes in cell index when tenocytes were exposed to different concentrations of stimuli. A, Cell index when tenocytes were exposed to 10, 50, or 250 mg/mL ascorbic acid. B, Cell index when tenocytes were exposed to 0.05%, 0.25%, or 0.5% bupivacaine. C, Cell index when tenocytes were exposed to 3, 15, or 30 mg/mL ketorolac tromethamine. * P < .05.
3 mg/mL (100%, 50%, and 10% of clinical dosage) ketorolac tromethamine, respectively. At 148 hours, the cell index was 1.76 + 0.17, 2 + 0.09, and 2.12 + 0.12 ( Figure 3C ), respectively. Among them, tenocytes exposed to 30 and 15 mg/mL ketorolac tromethamine (100% and 50% clinical dosage) revealed a significant reduction in cell index (P ¼ .003 and .02), which indicated the cytotoxicity of commonly used ketorolac tromethamine against tenocytes even in its 50% dilution form.
Interaction Between Ascorbic Acid and Bupivacaine/ Ketorolac Tromethamine
First, we exposed tenocytes to different concentrations of bupivacaine and ascorbic acid ( Figure 4A-C) . Readout of the cell index increased significantly when 0.5% and 0.25% bupivacaine were used in combination with any concentration of ascorbic acid (Table 2 ). This implied the reduced cytotoxic effects when ascorbic acid was applied along with 0.5% bupivacaine, the clinical dosage. The best tenocyte proliferation was observed in 0.5% bupivacaine and 250 mg/mL ascorbic acid group (cell index 5.14 + 0.36). We then exposed tenocytes to different concentrations of ketorolac tromethamine and ascorbic acid ( Figure 5A-C) . Readout of the cell index increased significantly when 30 mg/mL ketorolac tromethamine was used along with 250 or 50 mg/mL ascorbic acid, 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid, and 3 mg/mL ketorolac tromethamine with 50 to 250 mg/mL ascorbic acid (Table 2 ). This indicated the reduced cytotoxicity when ascorbic acid was applied along with 30 mg/mL ketorolac tromethamine, the clinical dosage, and other diluted concentrations. The best tenocyte proliferation was observed in 15 mg/mL ketorolac tromethamine and 250 mg/mL ascorbic acid group (cell index Figure 4 . Tenocytes exposed to different concentrations of bupivacaine and ascorbic acid. A, Cell index when tenocytes were exposed to 0.05% bupivacaine and 10, 50, or 250 mg/mL ascorbic acid. B, Cell index when tenocytes were exposed to 0.25% bupivacaine and 10, 50, or 250 mg/mL ascorbic acid. C, Cell index when tenocytes were exposed to 0. 5% bupivacaine and 10, 50, or 250 mg/mL ascorbic acid. * P < .05.
4.35 + 0.08). In summary, 0.5% bupivacaine with 250 mg/mL ascorbic acid and 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid showed the least cytotoxicity against tenocytes ( Figure 6 ). Our data could serve as an essential reference during clinical applications when bupivacaine or ketorolac tromethamine injections are considered.
Discussion
This study demonstrated that tenocytes could proliferate inside xCELLigence system and their proliferation changes could be monitored in real time upon exposure to different concentrations of ascorbic acid, bupivacaine, and ketorolac tromethamine. This in vitro result provides important information because bupivacaine and ketorolac tromethamine are commonly used medications to treat tendon lesions and tendinopathies.
Tendinopathies are accompanied with subjective pain and dysfunction. Histologically, pathologic characteristics such as formation of lipids, proteoglycans, and calcified tissues in tendon lesions were identified in tendinopathies. 5, 32 Clinically, fatty infiltration in a musculotendinous junction is commonly observed following tendon injuries, such as in rotator cuff tears. 33 Mechanisms of tendinopathy are generally believed Figure 5 . Tenocytes exposed to different concentrations of ketorolac tromethamine and ascorbic acid. A Cell index when tenocytes were exposed to 3 mg/mL ketorolac tromethamine and 10, 50, or 250 mg/mL ascorbic acid. B, Cell index when tenocytes were exposed to 15 mg/mL ketorolac tromethamine and 10, 50, or 250 mg/mL ascorbic acid. C, Cell index when tenocytes were exposed to 30 mg/mL ketorolac tromethamine and 10, 50, or 250 mg/mL ascorbic acid. * P < .05.
to be "failed healing responses," suggesting that cumulative damage and repetitive stresses are not balanced with repair responses by tenocytes. 34 However, commonly used anesthetics and NSAIDs such as bupivacaine and ketorolac tromethamine that reduce pain from tendinopathy are believed to exhibit cytotoxicity toward tenocytes and affect tendon healing. 35, 36 Therefore, there is extensive concern regarding this therapeutic modality and a need to achieve balance between pain reduction and decreased cytotoxicity.
Ascorbic acid has been shown to improve the rate and quality of rat Achilles tendon repair. 37 Concentrations from 25 to 1250 mg/mL ascorbic acid are used in tenocyte cultures to support tenocyte proliferation and collagen synthesis. 9, 15, 38 However, Hakimi et al reported that tenocyte growth rate would decrease with the use of >100 mmol/L ascorbic acid. 16 Decline in cell growth at this concentration of ascorbic acid was attributed to the pH level of the supplemented media which was highly acidic with 100 mmol/L ascorbic acid (pH 3.75). 16 The authors concluded that ascorbic acid was strongly toxic to cells at concentrations above 100 mmol/L and negatively affected cell morphology at concentrations from 1 mmol/L. Clement et al also reported that ascorbic acid at concentrations above 1 mmol/L (176 mg/mL) could be toxic to various human cell lines because it generates hydrogen peroxide. 39 Therefore, the best concentration of ascorbic acid for each individual's tenocytes as well as their interaction with different concentrations of bupivacaine and ketorolac tromethamine should be determined.
Tendon repair is accomplished primarily by resident tendon fibroblasts or tenocytes, which are the principal cellular components of tendon tissue. 40 Therefore, tenocyte proliferation is a good index to monitor tendon repair. However, the small amount of tissue that can be retrieved during surgery and the inherent low cellularity of tendons made screening the best regiment combination of drugs and their effects on tenocyte proliferation difficult. On the other hand, as the number of cell culture passages increase, tenocytes usually become dedifferentiated, thereby losing their specific characteristics. 13 Conventional cell growth assays, such as Alamar Blue, water soluble tetrazolium salts (WSTs-1), and MTT assay (colorimetric assay for assessing cell metabolic activity), need to sacrifice the cultured cells and thus hamper the observation of subsequent cellular responses. 15, 41, 42 They can only provide end-point measurements, and little information is known on the kinetics of real-time tenocyte interaction with different concentrations of ascorbic acid, bupivacaine, and ketorolac tromethamine. Dolkart et al and Chiu et al confirmed that rat and human tenocytes can proliferate inside an impedance-based instrument system, which made it possible to reveal the different effects of stimuli at multiple time points. 23, 43 In the current study, we used impedance-based xCELLigence system to see the realtime interaction of tenocytes toward different concentrations of ascorbic acid, bupivacaine, and ketorolac tromethamine. According to the cell index of the system, which corresponds to living tenocytes after exposure of stimuli, we could see that 0.5% bupivacaine with 250 mg/mL ascorbic acid and 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid had the least cytotoxicity against tenocytes. This system can be further applied using electrical, mechanical, or chemical stimuli (such as steroid or platelet-rich plasma) to determine the balance between cytotoxicity and anti-inflammatory effects before their clinical use. For example, studies have shown the protective effects of platelet-rich plasma on tenocytes against cytotoxicity of steroids. 18, 44, 45 These in vitro results suggest that a combined treatment with a corticosteroid and platelet-rich plasma would have synergistic anti-inflammatory effects while avoiding the deleterious effects of a corticosteroid. However, the best treatment combination is still unknown.
There are certain limitations to our study. First, only tenocytes from 1 patient with grade 1 fatty infiltration were enrolled in this study. Advanced age, osteoarthritis, and other local and systemic pathological conditions could affect the quality of tendon tissue and the properties of tenocytes. 46 On the other hand, Klatte-Schulz et al found reduced cell growth in the supraspinatus tenocytes of male donors above the age of 65 years when compared to those of younger patients. 47 Matthew et al showed that the cuff tissue had the greatest potential for successful healing in smaller tears, whereas large to massive tears appeared to lose their ability to heal and demonstrated transition into a highly degenerative inert tissue. 48 Therefore, the results of our study only represent the tenocyte interaction to different stimuli in a specific patient. The xCELLigence system provides the opportunity to use a relatively small amount of specimen to achieve this goal. Further studies should be focused on patients with different sizes of rotator cuff tear and severities of fatty infiltration. Second, different types of tendons and ligaments are clinically and biologically different. Ligaments have a higher DNA content, more cellular nuclei, greater amounts of reducible cross-links, and are composed of more type III collagen by percentage than tendons. 49 The index study used only torn tendon from rotator cuff. Further studies should enroll tendon/ligaments from different body parts to evaluate their interaction between different drugs commonly used to relieve pain. Third, the in vitro effects cannot be Figure 6 . Optimal tenocyte proliferation was observed in the 15 mg/ mL ketorolac tromethamine with 250 mg/mL ascorbic acid group. Bupivacaine 0.5% with 250 mg/mL ascorbic acid and 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid showed least cytotoxicity against tenocytes. * P < .05.
translated to all the in vivo studies because of the many variables in a complex scenario, where interaction of tenocytes and drugs takes place in the human body. This study provided an in vitro platform to see the real-time proliferation of tenocytes under different stimuli. There was no need to sacrifice the cultured cells in the end of study. Hence, little amount of specimen was needed in this method compared to conventional ones. Fourth, the tenocyte culture was performed after and not before surgery, which made clinical preoperative application of this method impractical. For now, it is impractical that cell culture be performed before injection. However, once sufficient data are collected by the xCELLigence system in a relatively efficient way, personalized medicine in treating tendinopathies might be accomplished in determining the best drug combination for a specific condition in advance.
Conclusions
Our study utilized the ability of tenocytes to proliferate inside xCELLigence system. Using this system, we monitored the decrease in cytotoxic effects of anesthetics and NSAIDs upon ascorbic acid treatment in real time. The treatment combination with least cytotoxicity was screened using this platform. Our study can thus provide important information for clinical applications. Optimal tenocyte proliferation was observed in the 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid group. Bupivacaine 0.5% with 250 mg/mL ascorbic acid and 15 mg/mL ketorolac tromethamine with 250 mg/mL ascorbic acid showed least cytotoxicity against tenocytes.
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